Introduction
In fluid mechanics, bioconvection is a natural phenomenon that primely related with the self-propelled microorganisms's suspension. It is worthy to mention here that, bioconvection is different from typical multi-phase flows, where particles behavior is not self-propelled; they are just carried by the fluid flow. Bioconvection originates due to instability in density stratification, which is created by directional swimming of microorganisms that are heavier than their surrounding fluid (i.e., water). These self-propelled motile microorganisms tends to concentrate near the upper portion of the fluid layer, and this accumulation makes the
Flow Analysis
Consideration has been given to the bioconvection boundary-layer flow of dusty nanofluid along a vertical isothermal wall. The surface of the wall is heated with temperature, T w and it is assumed that T w >> T ∞ , where T ∞ is the ambient temperature of the base fluid. For detailed numerical simulations we have supposed that i) the dust particles are of uniform size and equally distributed in water based nanofluid, ii) nanoparticles does not affect the microorganism's swimming direction and velocity and iii) bioconvection is only induced in purely sluggish cell suspension. In the light of above conditions, the physical model describing the bioconvection flow can be written as (for details see Refs. [15] , [23] , [28] ):
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The corresponding boundary conditions are:
where, (ū,v) are the components of the velocity field in (x,ȳ) direction,p the pressure, T the temperature, ϕ the nanoparticle concentration and n the microorganisms concentration for the fluid phase. Similarly, (ū p ,v p ) are (x,ȳ) components of velocity field,p p the pressure and T p the temperature for the particle phase. Further, ϕ w is the nanoparticle volume fraction, n w the density of microorganisms at the vertical surface, ϕ ∞ the ambient conditions at volume fraction of nanoparticles, n ∞ the density of the microorganisms, β the volumetric expansion coefficient of the base fluid (nanofluid), ρ the density of the base fluid, µ the dynamic viscosity, ρ p the density of dust particles, ρ np the density of the nanoparticles, ρ m the microorganisms density, g the acceleration due to gravity force, κ the thermal conductivity of the nanofluid, γ the average volume of a microorganism, c p the specific heat at constant pressure for base fluid (particles), c s the specific heat at constant pressure for the particles, τ m the momentum relaxation time, τ T the thermal relaxation time,
diffusivity of microorganisms, W m0 the maximum cell swimming speed and τ = (ρc) p / (ρc) f the ratio of heat capacity of nanofluid to the heat capacity of the base fluid, respectively. The system can be non-dimensionalized with the help of following variables:
Incorporating the dimensionless variables in Eq. (13) into the system of Eqs. (1)- (12), we get: 
where Lb; the Lewis number, P e; the Pèclet number, N r; the buoyancy ratio parameter, Ln; the nanoparticle Lewis number, ω; the ratio of specific heat of the suspension, N B ; the modified particle-density increment parameter, Ω; microorganisms concentration difference parameter, Gr L ; the Grashof number which measures the ratio of the buoyancy to viscous force, Pr; the Prandtl number which measures the ratio of momentum diffusivity to thermal diffusivity, N A , the modified diffusivity ratio similar to the Soret parameter in cross diffusion phenomenon, α d ; dust parameter depending on the relaxation time of the particles and the buoyancy force, D ρ ; mass concentration of particle phase or the ratio of density of the nanofluid to the density of the dust particles, Rb; the bioconvection Rayleigh number. It is worth mentioning that the bioconvection Rayleigh number Rb is associated with the buoyancy driven flow due to the existence of upswimming microorganisms. The concentration of microorganisms is therefore measured by the bioconvection Rayleigh number, Rb, which by definition is always nonnegative (the zero value of Rb corresponds to a suspension with no microorganisms). The increase of Rb thus destabilizes the suspension. The boundary conditions can be written as:
For the numerical solutions of the above system of Eqs. (14)- (23) along with the boundary conditions Eqs. (24)- (25), we switched into another set of equations with the help of following transformations:
Following set of equations are thus obtained:
together with the boundary conditions:
The non-linear system of Eqs. (27)-(37) are solved with two-point implicit finite difference method. The discretization procedure and numerical scheme is carried out by considering the details given in [31] . After determining all the unknown of the system, the dimensionless expressions for the physical quantities of interest like skin friction coefficient, τ w and heat transfer rate Q w are obtained as:
The numerical results are discussed in the next section.
Results and Discussion
In this study the effect of gyrotactic bioconvection on boundary-layer flow of two-phase dusty nanofluid are analyzed. We have performed two-dimensional simulations in order to obtain the solutions of mathematical model from the two-point implicit finite difference method. Numerical results are obtain to report the overall effectiveness of mass concentration of dust particles and nanoparticles in base fluid moving along a vertical surface. Particularly, the solutions are established for the water-based dusty nanofluid i.e., Pr = 7.0, D ρ = 10.0 and ω = 0.1 and these parametric values for particulate suspension are taken from the study of Apazidis [33] . [28] , [32] can be recovered when nanofluid bioconvection is ignored. This comparison is appeared in Tab. 1 and results matches well with each other and shows good accuracy. The computational data for skin friction coefficient, τ w , and rate of heat transfer, Q w , for pure as well as contaminated water is presented in Tab. 2. It is noted from the second and third columns that the magnitude of the values of τ w is minimized by increasing the values of mass concentration parameter, D ρ , from 0.0 to 10.0. Specifically, this effect is enhanced when the value of buoyancy ratio parameter N r is non-zero. While on contrary, last column of Tab. 2 shows that the rate of heat transfer, Q w , is extensively promoted for non-zero values of D ρ and N r. Thus, the buoyancy ratio parameter together with the particle loading parameter can be used in boosting the rate of heat transfer and the physical reasons for such behavior of D ρ and N r is given in later discussion of Figs. 1 and 2. Variation of buoyancy ratio parameter, N r, on skin friction coefficient τ w and rate of heat transfer Q w is analyzed in Fig. 1 . It can be noted from Eq. (28) that N r acts as coupling factor for momentum equation and nanoparticle concentration equation. In order to make a comparison, τ w and Q w are also plotted for N r = 0.0. In principle, buoyancy effect the velocity and temperature gradients and thus it has a considerable influence on rate of heat transfer and wall skin friction coefficient. Fig. 1 illustrates that both τ w and Q w reduces by increasing the values of N r from 0.0 to 0.2. Specifically, this effect is remarkable for skin friction coefficient. This may happens due to the reason that large values of buoyancy ratio parameter, N r, causes the base fluid to lose the thermal and kinetic energy from the inter-collision of dust particles and consequently both quantities tends to reduce near the leading edge. In order to see the influence of mass concentration of dust particle parameter, D ρ , on the distribution of skin friction coefficient and rate of heat transfer, Fig. 2 is plotted. The numerical solutions of τ w and Q w are discussed for pure as well as contaminated water. For D ρ = 0.0, this analysis recovers the solutions of classical problem of gyrotactic bioconvection of water based nanofluid. Here it is interesting to see that the plots for both of the physical quantities are effected sufficiently by the concentration of dust particles in bioconvection system. Fig. 2(a) reveals that the skin friction coefficient is very high for pure water and drastically reduces when D ρ changes from 0.0 to 10.0. The physical reason for such behavior can be attributed to the fact that, the carrier fluid loses the kinetic energy by loading the dust particles and this factor contributes in minimizing the velocity gradient at the wall and ultimately τ w reduces. While on the other hand, an opposite behavior is recorded in the curves of rate of heat transfer coefficient, Q w , in Fig. 2(b) . Here, the water suspension gains the thermal energy due to the collision of particles, which increases the temperature gradient and eventually rate of heat transfer is promoted in boundary-layer regime. Figure 3 is plotted to see the influence of combined effect of modified diffusivity ratio parameter, N A , and the particle-density increment parameter, N B , on τ w and Q w . It is observed from Fig. 3(a) that the skin friction coefficient reduces by magnifying the values of modified diffusivity ratio parameter N A from 0.0 to 2.0 when N B is taken as zero. But interestingly, in case of τ w this behavior is reversed when the effect of particledensity increment parameter, N B , is also taken into account. Fig. 3(a) further reveals that the skin friction is too high for large values of particle-density increment parameter, N B . Thus, it can be concluded that the modified diffusivity ratio parameter, N A , is more influential in promoting the skin friction coefficient together with the non-zero values of N B . Furthermore, from Fig. 3(b) it is observed that the rate of heat transfer coefficient is maximum for N A = 0 and N B = 0. The plot of Q w remains insensitive by increasing the values of modified diffusivity ratio parameter, N A , from 0.0 to 2.0 in the absence of particle-density increment parameter. But, the large values of N A acts as a retarding factor when the particle-density increment parameter, N B , is penetrated into the the system. Therefore, the characteristics of heat transport of base fluid may notably be affected due to the suspension of small particles in heating fluids.
Contribution of modified diffusivity ratio parameter, N A , and particle-density increment parameter, N B , on velocity and temperature profiles for both phases is shown in Figs. 4 and 5 , respectively. It can be seen from Fig. 4 that U , U p , Θ and Θ p remains almost invariant owing to an increase in the values of modified diffusivity ratio parameter. However, it is interesting to see that the velocity as well as temperature profiles for particle phase is always less than the corresponding profiles for fluid phase. This happens due to the presence of inert-particles in fluid, as they resist the flow and produce friction, which leads to a reduction in the magnitude of U p and Θ p . Thus, it can be concluded that U p and Θ p decays quickly and attain their asymptotic behavior as compared to U and Θ. The effect of particle-density increment parameter, N B , on velocity and temperature distribution is shown in Fig. 5 . It can be seen that the non-zero values of N B are acting as a supporting driving force and accelerating the fluid flow, which ultimately promotes the velocity profiles for both phases, U and U p , in boundary layer region. The peaks of velocity curves in which non-zero values of N B are considered are relatively high, but it has no effect on U and U p to attain their limiting behavior.
In order to show the variation of mass concentration parameter, D ρ , and buoyancy ratio parameter, N r, on the plots of streamlines and isotherms, Figs. 6 and 7 are plotted. For the purpose of comparison, fluid suspension without dust particles, i.e., pure nanofluid, is also graphed in Fig. 6 . As expectedly, by loading the dust particle in water based nanofluid, the velocity for particle phase reduces sufficiently as compared to the clear nanofluid case. This may happens due to the reason that particle clouds used to gather near the vicinity of vertical wall and offer resistance to fluid to flow, which results in reduction of velocity. Further, it is noted from Fig. 7 that the effect of N r is more pronounced on the graph of streamlines and the physical reason for this influence is given in the earlier discussion of Fig. 1(a) . The plots of isotherms in Fig. 7(b) reveals that the curves are almost insensitive by increasing the values of N r. Thus, non-zero values of buoyancy ratio parameter, N r, do not have notable influence on the distribution of temperature for water-particulate suspension.
Conclusion
The present study aims to present the numerical solutions of gyrotactic bioconvection boundary-layer flow of two-phase dusty fluid along an isothermally heated vertical surface. The major focus of this analysis is to visualize the flow characteristics of water based nanofluid when the solid dust particles are loaded into the mechanism. Primitive variable formulations (PVF) are applied to convert the governing equations of the carrier and the dispersed phase into another set of equations, which are then solved via two-point finite difference method together with tri-diagonal solver. Simulations are performed for water-based nanofluid containing the clouds of uniformly distributed dust particles. Effect of various emerging parameters are explored by expressing their relevance on rate of heat transfer, wall skin friction, velocity and temperature profiles, streamlines and isotherms. It is recorded that the buoyancy ratio parameter, N r, and mass concentration parameter, D ρ , have notable influence in reducing the skin friction coefficient. It is also noted that the rate of heat transfer, Q w , is extensively promoted owing to an increment in the values of D ρ , whereas, a sufficient reduction is found in plots of Q w for non-zero values of particle-density increment parameter, N B . 
